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Abstract The high mobility group A1 (HMGA1) protein
plays an important role in numerous biological processes,
such as embryogenesis, cell proliferation, differentiation, ap-
optosis and carcinogenesis. Wnt/β-catenin signaling pathway
plays a key role in development and cancer. Although previ-
ous reports have shown HMGA1 protein level can be induced
by Wnt/β-catenin signaling pathway, however, the specific
mechanism of HMGA1 on regulating Wnt/β-catenin signal-
ing remains unclear. Here, we reported that HMGA1
interacted with β-catenin by using coimmunoprecipitation
approach with exogenous and endogenous protein samples.
HMGA1 positively regulated Wnt/β-catenin signaling, as
determined by that HMGA1 increased the TOP-FLASH ac-
tivity in a dose-dependent manner and β-catenin downstream
target gene expression. Moreover, HMGA1 induced prolifer-
ation of colorectal cancer cells. Mechanistically, HMGA1
increased the β-catenin–TCF4 complex formation.
Importantly, there was a correlation between HMGA1 and
β-catenin expression in human colorectal cancer tissues. In
summary, HMGA1 positively regulatesWnt/β-catenin signal-
ing through interacting with β-catenin, which leads to in-
crease the β-catenin–TCF4 complex formation. This suggests
that targeting HMGA1 may be a useful therapeutic option in
clinical application.
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The high mobility group A (HMGA) protein family includes
HMGA1a and HMGA1b, which are generated by alternative
splicing from the same gene encoded, and the closely related
HMGA2 protein [1]. HMGA1 act as architectural transcrip-
tion factors by binding AT-rich regions in chromatin and
assembling transcription factor complexes to modulate gene
transcription [2]. HMGA1 plays an important role in numer-
ous biological processes, such as embryogenesis, cell prolif-
eration, differentiation, apoptosis and carcinogenesis [3]. It is
extensively acceptable that HMGA1 induce malignant trans-
formation in vivo and in vitro. The expression of HMGA1
have been shown high level in a broad range of human
cancers, including breast [4], prostate [5], brain [6], pancreatic
[7], uterine [8], colon [9], and lung [10] cancers. Naturally,
HMGA1 may be a potential therapeutic target to treat cancer
development and progression.

Wnt/β-catenin signaling pathway plays a key role in de-
velopment and cancer [11]. The transduction process in this
pathway has been described well [12]. In the absence of Wnt,
the destruction complex including Axin, adenomatous
polyposis coli (APC) and β-catenin phosphorylating kinases
glycogen synthase kinase 3 (GSK3) and casein kinase 1
(CK1) phosphorylates serine residues in β-catenin, which
results in its proteasomal degradation. Wnt signaling through
binding to the LPR6-Frizzled receptor inactivates this com-
plex, leading to accumulation and nuclear translocation of β-
catenin. In the nucleus,β-catenin forms a complex with T-cell
factor (TCF4) to promote its target gene transcription, such as
c-myc or cyclin-D1, which leads to tumor growth. For most
human colon cancers, nuclear accumulation of β-catenin due
to its own or APC mutation is often detected [13].
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Although previous reports have shown HMGA1 protein
level can be induced by Wnt/β-catenin signaling pathway
[14], however, the specific mechanism of HMGA1 on regu-
lating Wnt/β-catenin signaling remains unclear.

Material and Methods

Cell Culture and Transfection HEK293 cells and SW480 cells
used in this study were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). Both cells
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10 % fetal bovine serum and
1 % penicillin-streptomycin, and were maintained in a 37 °C
incubator with 5 % CO2.

Cells were transfected with Flag-tagged HMGA1, Myc-
t agged β - c a t en in and HA- t agged TCF4 us ing
Lipofectamine™ 2000 reagent (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s protocol. siRNA oli-
gonucleotides against human HMGA1 (ON-TARGETplus
smartpool) and non-targeting siRNAs control oligonucleo-
tides were obtained from Dharmacon using DharmaFECT1
siRNA transfection reagent (Dharmacon, Lafeyette, CO,
USA).

Western Blot Analysis and Immunoprecipitation Cells were
lysed in cold extraction buffer (10 mM Tris–HCl, pH 7.5,
5 mM EDTA, 150 mMNaCl, 30 mM sodium pyrophosphate,
50 mM sodium fluoride, 1 mM sodium orthovanadate, 1 %
Triton X-100) containing protease inhibitors(1 mM
p h e n y l m e t h y l s u l f o n y l f l u o r i d e , 1 0 μ g / m l
leupeptinhydrochloride, 10 μg/ml aprotinin and 10 μg/ml
pepstatin A). The lysates were then centrifuged at
12,000 rpm for 20 min at 4 °C. Protein content was measured
using BCA protein assay kit (Thermo Scientific, Rockford, IL,
USA). Equal protein was analyzed by Western blot using
mouse anti-β-catenin, mouse anti-c-myc, mouse cyclin D1,
mouse anti-β-actin (1:1,000 dilution, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), rabbit anti-HMGA1
(Abcam, Cambridge, MA, USA), and followed by secondary
antibodies goat anti-mouse or rabbit. Immunoprecipitations
were performed overnight at 4°C using antibodies against
HA-tagged and Flag-tagged (Sigma-Aldrich, St Louis, MO,
USA). Protein G-Sepharose (GE Healthcare Bio-Sciences,
Piscataway, NJ, USA) was added for 2 h at 4 °C, and washed
three times with cold lysis buffer. The immunocomplexes
were boiled with 2× sodium dodecyl sulfate (SDS)
loading sample buffer for ten minutes and subjected to
immunoblotting.

Luciferase Assays HEK 293 cells and SW480 cells were
transiently co-transfected with 50 nM HMGA1 siRNA or
0.5 μg flag-tagged HMGA1 cDNA in combination with

0.1 μg TopFlash or FopFlash reporter and 0.1 μg pCMV-β-
galactosidase. Transfected cells were then stimulated with or
without 50 ng/ml Wnt3a for 36 h. Luciferase activity was
measured (Promega, Madison, WI, USA) and normalized to
β-gal activity.

Cell Proliferation Assay Proliferation was quantified by
bromodeoxyuridine (BrdU) incorporation assay using a com-
mercially available kit (Roche, Indianapolis).

Soft Agar Assay 6-well plates were covered in a Nobel agar
base layer (0.5 % agar, 10 % FBS, and 0.2 % tryptone in
DMEM). A top layer containing 2×105 cells to be assayed
was suspended in DMEM containing 10 % FBS, 0.2 %
tryptone, and 0.4 % Nobel agar and pipetted on top of the
base layer. After 3 days, DMEM growth medium was added
to prevent the gel from drying.

Immunohistochemistry Tissue sections from colon adenocar-
cinoma (combination of adjacent and normal) tissue microar-
ray slides (Biomax) were deparaffinized and rehydrated. The
slides were then placed in 10 mM citrate buffer (pH 6.0) and
boiled at 95 °C for 15 min. The primary antibodies used for
immunohistochemistry staining were β-catenin (Santa Cruz
Biotechnology) and HMGA1 (ab12188, Abcam). HRP
Polymer & DAB plus Chromogen (Thermo Scientific) was
used for detection of β-catenin and HMGA1. The slides were
then counter stained with hematoxylin (Vector Laboratories,
Burlingame, CA, USA) and dehydrated and mounted for
microscopic examination. All images were scanned by
ScanScope digital scanners (Aperio, Vista, CA, USA). All
samples were reviewed and scored by two individual pathol-
ogists. The staining for β-catenin and HMGA1 was scored
from 0 to 3 as follows: 0, no staining; 1, tumor cells stained
weakly; 2, tumor cells stained moderately; 3, tumor cells
stained strongly.

Results

HMGA1 Interacts with β-Catenin As previous studies have
indicated HMGA1 level can be induced by Wnt signaling
[14], we first tested the direct relationship between HMGA1
and β-catenin, a key transcription factor in Wnt signaling. To
address this point, we analyzed their potential physical inter-
action. HEK 293 cells were transfected with expression vec-
tors either for Myc-tagged β-catenin, Flag-tagged HMGA1 or
both together. Forty-eight hours post-transfection, cell extracts
were immunoprecipitated with an anti-Flag antibody and the
immunoprecipitates were analyzed by immunoblot with an
anti-Myc antibody. The results shown in Fig. 1a demonstrated
that ectopically expressed β-catenin co-precipitates with
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ectopic HMGA1. In addition, the reciprocal co-IP experiment
also showed that Flag-HMGA1 can be found in the Myc-β-
catenin precipitate. Furthermore, an endogenous interaction
could also be detected between β-catenin and HMGA1 in
SW480 cells by coimmunoprecipitation (Fig. 1b).

HMGA1 Positively Regulates Wnt/β-Catenin Signaling We
next examined the effect of HMGA1 on Wnt/β-catenin sig-
naling using the TOP-FLASH luciferase reporter assay in
HEK293 cells. Ectopic expression of HMGA1 significantly
enhanced the TOP-FLASH activity in a dose-dependent man-
ner but that of the FOP-FLASH lacking TCF-binding site was
not (Fig. 2a). Moreover, the ability of HMGA1 to enhance
endogenous β-catenin signaling was also tested in SW480
cells. SW480 cells exhibit high levels of the TOP-FLASH
activity resulting from nuclear accumulation of β-catenin by
APC mutation induced. The activity of TopFlash was signif-
icantly reduced by the knockdown of HMGA1 (Fig. 2b). To
examine whether the knockdown of HMGA1 was able to
inhibit β-catenin downstream target genes such as c-myc and
cyclin D1, SW480 cells were transfected with si-HMGA1, and
then c-myc and cyclin D1 proteins were detected by Western
blot. Indeed, the expression level of the two proteins was
down-regulated by the knockdown of HMGA1 compared to
siControl group (Fig. 2c).

HMGA1 Induces Proliferation of Colorectal Cancer
Cells The proliferative effects of HMGA1 were examined in
the colorectal cancer cell line SW480. The knockdown of
HMGA1 induced a dose-dependent decrease in the prolifera-
tion of SW480 cells (Fig. 3a). As HMGA1 was able to
increase the proliferation of SW480 cells grown on plastic,
efforts were made to assess whether it promoted adherence-
independent growth as well. As shown in Fig. 3b, treatment of
cells with si-HMGA1 prevented their growth in soft agar as
determined by si-HMGA1 treatment decreasing the number
the colonies.

Fig. 1 aHEK 293 cells were transiently transfected with either pcDNA3
or expression vectors for either Myc-β-catenin or Flag-HMGA1, or both
together. After transfection 48 h, cell extracts were immunoprecipitated
with an anti-Flag antibody, and the immunoprecipitates were analyzed by
immunoblotting with anti-Myc or anti-Flag antibodies. Cell extracts was
loaded in the gels and analyzed by immunoblotting with the correspond-
ing anti-tag antibodies. b Reverse co-IP confirmed the interaction be-
tween Myc-β-catenin and Flag-HMGA1. c Co-IP using SW480 cell
nuclear extracts using anti-HMGA1 antibody. Western blot was carried
out with the indicated antibody. Control IP was performed using IgG
antibody. d Reverse co-IP confirmed the interaction between HMGA1
and β-catenin

Fig. 2 a HEK293 cells were
cotransfected with 100 ng of
TopFlash or FOP-FLASH
luciferase reporter and the indicated
amounts of Flag-HMGA1 plasmid
and then treated for 36 h with
Wnt3a. Luciferase activity was
measured and normalized toRenilla
luciferase activity used as an
internal control. b SW480 cells
were transfected with 100 ng of
TopFlash or FOP-FLASH
luciferase reporter and the indicated
amounts of si-HMGA1. Luciferase
activity was measured 36 h post-
transfection. c SW480 cells were
transfected with and the indicated
amounts of si-HMGA1. After 48 h,
the whole cell lysates were
collected to test protein expression
levels of c-myc (Top) or cyclin D1
(Middle) by specific antibodieswith
β-actin as loading control (Bottom)
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HMGA1 Increasing the β-Catenin–TCF4 Complex
Formation Nuclear translocation of β-catenin and its associ-
ation with TCF4 factor are key steps in Wnt/β-catenin signal-
ing, which is essential for β-catenin target gene transcription.
To explore the possible mechanism of HMGA1 regulating
Wnt/β-catenin signaling, we test whether HMGA1 affect the
β-catenin–TCF4 complex. When β-catenin and TCF4 were
transfected along with the indicated amounts of HMGA1
plasmid into HEK 293 cells, the amounts of TCF-4
coimmunoprecipitating with β-catenin significantly increased
as the expressed amount of HMGA1 increased (Fig. 4a).
Conversely, with increasing amounts of transfected si-
HMGA1 in SW480 cells, β-catenin interaction with TCF-4
decreased (Fig. 4b).

Correlation Between HMGA1 and β-Catenin Expression in
Human Colorectal Cancer Tissues To investigate the involve-
ment of HMGA1 in Wnt/β-catenin signaling in clinical, we
examined 56 primary colorectal carcinoma tissues using im-
munohistochemical assay. Representative images are shown
in Fig. 5, nuclear accumulation of HMGA1 andβ-catenin was
found in colorectal carcinoma, but not in normal colon tissues.
High HMGA1 expression was found in 36 out of the 56 colon
carcinomas studied (64.3 %). Similarly, β-catenin was highly
expressed in 27 out of 56 cancer tissues (48.2 %).

Discussion

It is well known that constitutive activation of β-catenin-
TCF4-mediated transcription due to inactivation of the tumor
suppressor APC or some mutations in β-catenin leads to
colorectal tumorigenesis [15]. Although several molecules
that disrupt the β-catenin-TCF4 complex have been reported
previously [16], this complex formation should be subjected
to many forms of regulation. β-catenin itself has no DNA
binding ability but functions via interaction with TCF4 to
activate the expression of a wide variety of genes [17], there-
fore, the strength and duration of Wnt/β-catenin signaling is
dependent on the β-catenin–TCF4 complex formation.
Several studies reported Wnt signaling can induce the level
of HMGA1 expression [14]; however, it is unknown whether
there is a direct association between HMGA1 and β-catenin.
Our results demonstrate that HMGA1 positively regulates
Wnt/β-catenin signaling through increasing the β-catenin–
TCF4 complex formation.

Fig. 3 a si-HMGA1 prevented
the proliferation of SW480 cells
in a dose-dependent manner, as
measured by BrdU assays. b si-
HMGA1 decreased the total
number of colonies in soft-agar
assay

Fig. 4 aMyc-β-catenin andHA-TCF4were transfected along with Flag-
HMGA1 into human kidney epithelial 293 cells. β-Catenin was
immunoprecipitated with anti-Myc antibody, and the immunoprecipitates
were subjected to immunoblotting analysis with antibodies indicated. b
SW480 cell were transfected with si-HMGA1 and immunoprecipitations
were carried out using anti-TCF4 antibody and followed by western
blotting for β-catenin

Fig. 5 Serial sections of normal colon (N) and colon adenocarcinoma
(T). Normal colon tissues showed very weak staining for nuclear
HMGA1 and β-catenin. In contrast, HMGA1 and β-catenin were highly
accumulated in the nuclei of cancer cells. Bar=100 μm
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Previous studies reported that HMGA1 was overexpressed
in several human tumors types and it correlated with the
occurrence of metastasis and poor prognoses [1], which in-
crease the possibility that HMGA1 may be a promising ther-
apy target. Despite the accumulative evidence demonstrating
HMGA1 in cancer development and progression, the molec-
ular mechanisms of HMGA1 is poorly determined until now.
In this study, we showed that HMGA1was highly expressed in
the colorectal carcinoma tissues and its expression correlated
with β-catenin level, suggesting that HMGA1 play a pivotal
role in sustaining Wnt/β-catenin signaling. Several factors
responsible for the induction ofHMGA1 expression have been
identified [18], including serum, epidermal growth factor,
fibroblast growth factor, hypoxia, and oncogenic Ras, in ad-
dition to transcription factors such as AP-1, c-myc and N-myc,
which directly target the HMGA1 promoter [19]. Especially, a
recent report showed Wnt/β-catenin pathway is linked to
HMGA1 induction to lead to proliferation in human gastric
cancer [14]. Given the fact that HMGA1 stabilizes β-
catenin-TCF4 complex to up-regulate Wnt/β-catenin sig-
naling activation, therefore, we speculate Wnt-induced
HMGA1 expression is required for Wnt/β-catenin sig-
naling duration, which indicates Wnt-HMGA1 can form
a positive feedback loop.

In summary, HMGA1 positively regulates Wnt/β-catenin
signaling through interacting with β-catenin, which leads to
increase the β-catenin–TCF4 complex formation. Given its
function in promoting β-catenin-TCF4-mediated transcrip-
tion, inhibiting HMGA1 may be of interest as a gene therapy
agent. Accordingly, drugs that mimic the effects of inhibiting
HMGA1 may be useful as antitumor reagents in clinical
application in the future.
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